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BACKGROUND: Relative to first-time (primary) cardiac surgery, revision cardiac surgery is associated with increased transfusion requirements, but studies comparing these cohorts were performed before patient blood management (PBM) and blood conservation measures were commonplace. The current study was performed as an update to determine if this finding is still evident in the PBM era.
STUDY DESIGN AND METHODS: Primary and
revision cardiac surgery cases were compared in a retrospective database analysis at a single tertiary care referral center. Two groups of patients were assessed: 1) those having isolated coronary artery bypass (CAB) or valve surgery and 2) all other cardiac surgeries. Intraoperative and whole hospital transfusion requirements were assessed for the four major blood components.
RESULTS:
Compared to the primary cardiac surgery patients, the revision surgery patients required approximately twofold more transfused units intraoperatively (p < 0.0001) and approximately two-to threefold more transfused units for the whole hospital stay (p < 0.0001). Intraoperative massive transfusion (>10 red blood cell [RBC] units) was substantially more frequent with revision versus primary cardiac surgery (2.6% vs. 0.1% [p < 0.0001] for isolated CAB or valve and 6.1% vs. 1.9% [p < 0.0001] for all other cardiac surgeries). Revision surgery was an independent risk factor for both moderate (6-10 RBC units) and massive intraoperative transfusion.
CONCLUSIONS:
In the era of PBM, with restrictive transfusion strategies and a variety of methods for blood conservation, revision cardiac surgery patients continue to have substantially greater transfusion requirements relative to primary cardiac surgery patients. This difference in transfusion requirement was greater than what has been previously reported in the pre-PBM era. W ith increased longevity, more patients are having revision cardiac surgery, which presents additional challenges relative to first-time (primary) cardiac surgeries. Blood loss and transfusion requirements are both increased with revision cardiac surgery, likely due to scar tissue, adhesions, and increased operative time. Bracey and colleagues 1 reported a 75% increase in blood components transfused with revision compared to primary coronary artery bypass (CAB) surgery; however, this was more than 20 years ago, before patient blood management (PBM) programs were commonplace. Since then, new studies supporting lower hemoglobin (Hb) transfusion triggers and new methods of intraoperative blood conservation have been introduced, both of which may influence overall blood utilization.
2,3
The purpose of this study was to assess transfusion requirements for patients undergoing revision compared to primary cardiac surgery in the era of PBM. In this retrospective database review, we included both isolated CAB or valve (aortic or mitral) and all other cardiac surgery patients, and evaluated both intraoperative and whole hospital transfusion requirements for all four major blood components. Our hypothesis was that revision cardiac surgery patients continue to have greater transfusion requirements relative to primary surgery patients, despite newer methods of blood conservation and PBM techniques. Our findings should be clinically relevant by allowing appropriate planning and preparation for blood availability, as well as targeted methods of blood conservation in these most challenging cases.
MATERIALS AND METHODS
After approval by the institutional review board, we acquired electronic medical record data for cardiac surgery cases at a single tertiary care center (Johns Hopkins Hospital) from April 2010 until June 2016. We used three sources: a Web-based intelligence portal (IMPACT Online, Haemonetics Corp.), our anesthesia information management system (MetaVision, iMDsoft Corp.), and the Society of Thoracic Surgeons National Database. We excluded patients with missing data from any of these data sets. We also excluded pediatric cardiac cases (age < 18 years old) and transaortic valvular replacement procedures. During the time frame of the study, the methods of blood conservation, many of which have been adopted at our institution, are listed in Table 1 . Although these were not universally used in all cardiac surgery patients, these methods have been used with increasing frequency at our institution over the past 7 years.
Classification of surgery and transfusion
Utilizing the anesthesia information management system data, we searched for the procedure "redo sternotomy," which is the designation for any revision cardiac surgery at our institution. We then used the Society of Thoracic Surgeons database to classify surgical procedures into four groups: 1) primary isolated CAB or valve (mitral or aortic), 2) revision isolated CAB or valve (mitral or aortic), 3) primary other cardiac surgery, and 4) revision other cardiac surgery. A CAB combined with any other major cardiac procedure (e.g., valve) was included in the "other cardiac surgery" category.
We examined allogeneic blood requirements in both intraoperative and whole hospital time periods for red blood cells (RBCs), fresh-frozen plasma (FFP), platelets (PLTs), and cryoprecipitate (CRYO). One unit of PLTs was considered to be an apheresis single donor bag, and 1 unit of CRYO was considered to be one dose (5 pooled units). CRYO data were not available for the intraoperative period, but intraoperative CRYO units were included in the whole hospital data. Based on total number of intraoperative RBC units transfused, we further stratified transfusion requirements into moderate transfusion (6-10 RBC units) and massive transfusion (>10 RBC units) patients based on prior literature. 4 
Statistical analysis
Results are reported as proportions, mean 6 SD, and median (interquartile range). Proportions were compared by chisquare tests and/or Fisher's exact tests where appropriate. Normally distributed continuous data were compared by unpaired t tests, and nonnormally distributed continuous data by Mann-Whitney U tests. In particular, mean 6 SD are reported for transfusion requirements to allow comparison with prior literature on this topic, which reported transfusion requirements in mean 6 SD. A multinomial logistic regression model was used to examine whether revision cardiac surgery (relative to primary surgery) was independently associated with increased whole hospital transfusion requirements. Variables to include in the model were considered a priori based on parameters known to influence transfusion rates (preoperative Hb, body mass, sex, duration of surgery, P2Y12 inhibitors, patient age, Charlson Comorbidity Index). Data were analyzed using computer software (JMP, Version 12.0.2, SAS Institute; and Stata 12.0, StataCorp). A p value of less than 0.05 defined significance.
RESULTS

Patient characteristics
Data were available on 5800 patients. Patient characteristics for the four cohorts (primary vs. revision; isolated CAB or valve vs. other cardiac surgery) are shown in Table 2 . The procedures in the "other cardiac surgery" category are listed in Table 3 . Of note, 284 of 5800 (4.9%) patients underwent procedures through a minimally invasive thoracotomy approach. As expected, there were differences in patient characteristics between the primary and the revision groups. Mean age was increased in the primary surgery patients in the other cardiac surgery group. Coagulopathy was more prevalent in the revision group, for both the isolated CAB or valve and the other cardiac surgery patients. P2Y12 inhibitors were taken in equal proportions in the primary and the revision groups. As expected, duration of surgery, duration of bypass, and duration of cross-clamp were increased with revision surgery in both the isolated CAB or valve and the other cardiac surgery groups. There were small but significant differences as the preoperative Hb was lower, the international normalized ratio higher, and the PLT count lower in the revision groups.
Patients that were brought back to the operating room after their initial cardiac surgery were included in the analysis. The vast majority of the time, these patients are brought back due to excessive bleeding in the cardiac surgical intensive care unit. There were 307 patients brought back for excessive bleeding out of 5800 total patients, or 5.3%. There were 4.85% in the primary sternotomy group (259/5336) versus 10.3% (48/464) of the revision sternotomy patients (p < 0.001).
Incidence of transfusion
As shown in Fig. 1 , for all patients (both the isolated CAB or valve group and the other cardiac surgery group), the percentage of patients requiring transfusion over the whole hospital stay and intraoperatively was greater in the revision than the primary surgery group for RBCs, FFP, PLTs, and CRYO (p < 0.01 for all blood components). The greater incidence of transfusion in the revision patients ranged from an approximately 30% to 50% increase (for RBCs) to an approximately 60% to 100% increase (for FFP, PLTs, and CRYO). * Data are reported as mean 6 SD, number (%), or median (IQR). All values are expressed using the number of patients with nonmissing data as the denominator. † ICD-9 and ICD-10 discharge codes available through the Impact Online database were used to identify comorbidities. ‡ Defined as having received P2Y12 inhibitors within 5 days of surgery. INR 5 international normalized ratio. 
Magnitude of transfusion requirements
As shown in Fig. 2 , all types of revision surgeries had an approximately twofold increase in the mean number of units transfused intraoperatively for all blood components (p < 0.0001 for all comparisons). For the whole hospital course, all types of revision surgeries had an approximately two-to threefold increase in mean number of units transfused for all blood components (p < 0.0001 for all comparisons). The relative incidence of moderate (6-10 RBC units) and massive (>10 RBC units) intraoperative transfusions was also examined, as shown in Fig. 3 . Moderate transfusion during surgery was substantially more frequent with revision versus primary cardiac surgery, for both isolated CAB or valves (10.4% vs. 1.5%; p < 0.0001) and for all other cardiac surgeries (14.5% vs. 5.8%; p < 0.0001). Similarly, massive transfusion during surgery was substantially more frequent with revision versus primary cardiac surgery for isolated CAB or valves (2.6 vs. 0.1%; p < 0.0001) and for all other cardiac surgeries (6.1% vs. 1.9%; p < 0.0001).
The independent contribution of revision surgery to moderate and massive intraoperative transfusion was examined using multivariable multinomial logistic regression, with risk adjustment for age, weight, sex, operative time, first Hb, Charlson score, and anti-PLT medications (Table 4) . Revision surgery independently increased the risk of both moderate and massive transfusions. The magnitude of increased risk was greater among CAB or valve patients, compared with other surgeries.
DISCUSSION
The primary findings in our study are that revision cardiac surgery patients have a substantially greater transfusion requirement relative to first-time (primary) cardiac surgery patients. In fact, the difference between revision and primary surgery in this study with regard to transfusion requirements was greater than was reported more than 20 years ago by Bracey and colleagues before current PBM practices were commonplace, and prior to the randomized trials supporting restrictive transfusion strategies. [1] [2] [3] 5 In general, our findings demonstrate a two-to threefold greater transfusion requirement for patients having revision surgery, compared to a 75% increase previously reported. 1 This increased transfusion requirement for revision surgeries suggests that the newer methods of blood management may not be very effective in reducing transfusion requirements in revision surgeries. Revision cardiac surgery may require more blood than we are able to save by using blood management methods, such as cell salvage, hemoconcentrators, acute normovolemic hemodilution, lower Hb triggers and targets, smaller phlebotomy tubes, complete rewarming, and viscoelastic point-of-care testing. However, we are hopeful that continuing these blood conservation methods along with modifying our surgical strategies, may help us eventually to achieve less blood utilization for these challenging patients. Routine use of antifibrinolytics is one of many strategies to decrease blood product utilization in cardiac surgery. E-Aminocaproic acid (EACA) and its pharmacologic mechanism was first discovered in the early 1960s but did not become clinically recognized and used until the late 1980s. 6 Due to cardiopulmonary bypass (CPB) causing accelerated thrombin generation, dysfunctional PLTs, and fibrinolysis, aprotinin and lysine analogs (EACA and tranexamic acid) became popular to attenuate A recent meta-analysis by Wikkelso and colleagues 10 of trials utilizing viscoelastometry (TEG and ROTEM) algorithms found a significant reduction in bleeding and transfusion. Such algorithms were published in 1999, and used sporadically in our institution until the past decade, when a formal algorithm was adopted as routine practice. Strategies to reduce transfusion have been driven by the results of both randomized and observational studies. The two most recent trials supporting restrictive transfusion strategies in cardiac surgery add to the evidence from an earlier study (also by Bracey and colleagues), that giving more blood than is necessary to cardiac surgery patients does not improve outcomes. 5 The TRACS and TITRe2 trials, in 2010 and 2015, respectively, demonstrated noninferiority in the primary outcomes between a restrictive versus liberal postoperative transfusion strategy. 2, 3 In revision cardiac surgery, specifically, George and coworkers 11 found that revision sternotomy heart transplant recipients had increased blood product usage and that increased transfusion of products was independently associated with short-and long-term mortality. Many other observational studies have reported the increased morbidity and mortality associated with incremental amounts of blood transfusion. 4, 12, 13 Although the results of observational studies must be interpreted with caution, the 2011 Update to the Society of Thoracic Surgeons and Society of Cardiovascular Anesthesiologists Blood Conservation Guidelines noted that transfusing beyond the recommended guidelines only increases risk and cost for cardiac surgery patients.
14 Surgeons also approach revision sternotomy cases differently from primary cases. First, a decision is made whether to commence CPB before sternotomy. The disadvantage to this conservative approach is a longer time on CPB. Second, surgeons may use different equipment, including an oscillating saw to try and prevent entering into a large vessel or anterior cardiac chamber. Third, hemostatic agents, such as Floseal (Baxter International) may be used for both primary and revision sternotomy cases. Although the surgical technique may be different for revision cases, we have not been able to identify techniques that we feel could improve outcomes; indeed many of the differences in techniques were developed specifically to improve safety in this population. Thus, newer strategies in transfusion and surgical practice warranted a new look at whether revision cardiac surgery patients continue to require more transfused blood components relative to primary cardiac surgery patients, as was shown two decades ago.
Not surprisingly, there was a significantly increased duration of surgery and duration of CPB for revision cardiac surgery relative to primary surgery. Increased time on CPB may result in more inflammation, leading to impaired hemostasis and increased blood loss and consequently increased transfusion requirements. As mentioned previously, CPB can increase fibrinolysis, cause a consumptive coagulopathy, and lead to dysfunctional PLTs. Increasing duration of CPB and its associated risk of more allogeneic blood units transfused is a common finding. 12 and use of hemoconcentrators have been effective in reducing transfusions overall in cardiac surgery, the increased duration of CPB in revision cases is likely a contributing cause of increased transfusion requirements. In addition to examining average transfusion, we also examined the incidence of moderate (6-10 RBC units) and massive (>10 RBC units) transfusion intraoperatively. It is paramount to know how best to prepare for revision cardiac surgery cases, specifically quantities of blood components to prepare and how quickly these units can be obtained. In our data, 13.0% of the revision isolated CAB or valves and 20.6% of the revision other cardiac surgeries required moderate or massive transfusion. Commonly, slow bleeding occurs at the microvascular level in revision cardiac cases. Uncommonly, these are cases with rapid blood loss upon entering the patient's chest. Even when using extreme caution, a large vessel, such as the aorta or pulmonary artery or even an anterior heart chamber, such as the right ventricle, can be accidentally punctured. In those moments of rapid bleeding, having a container of RBCs and/or FFP in the operating room helps to facilitate giving blood during sudden hemorrhage. Our data also suggest that plasma and PLTs should be rapidly obtainable for revision cardiac surgery cases.
In our analysis, we were unable to quantify the incidence of cardiac rupture on dissection; however, we did examine the amount of cell salvage returned to patients intraoperatively. For primary sternotomy patients, a median of 500 mL (IQR, 500-750 mL) was returned, while for revision sternotomy patients a median of 600 mL (IQR, 500-800 mL) was returned (p < 0.01). These estimates underscore our observation that more blood loss occurs in revision sternotomy patients and may also be a reason for increased utilization of plasma and PLTs.
Even after accounting for confounding variables, revision surgery was an independent risk factor for both moderate and massive intraoperative transfusion. Of note, the risk of moderate and massive transfusion was greater in CAB or valve patients compared with other cardiac surgery patients. This may be due to the inherent risk of bleeding associated with those cases that were classified as "other cardiac surgeries," such as aortic root replacements, ascending aorta replacements, aortic arch reconstructions, and emergent aortic dissections. These complex aortic surgeries will likely have increased blood utilization in the primary surgery for a variety of reasons and have been shown in other studies to have the highest degree of blood utilization compared to other cardiac surgeries. 17 We did not include previous exposure to chest radiation in our analysis but studies have demonstrated increased risk of massive bleeding as well as increased long-term mortality. 18, 19 The limitations of this study include the singlecentered nature of the study and the possibility that results may differ in other centers due to differences in surgical technique or the use of PBM practices. Since our institution is a tertiary and quaternary referral center, it may limit the generalizability of our results. Nevertheless, it is important to point out that our results are similar in both the isolated CAB or valve patients as well as the other cardiac surgery group. In our experience, the other patients are often the patients who are specifically referred for tertiary or quaternary care. Additionally, the incidence of revision at our institution is similar to that of other sites in the literature. 20 Another possible limitation is the heterogeneity of the surgical cases that were in the other cardiac surgery group. For example, it has been previously noted that lowest temperature on bypass correlates with increased transfusion due to hypothermia causing dysfunctional PLTs as well as the increased time for cooling and rewarming on CPB. 21 Thus complex cardiac surgeries requiring hypothermic circulatory arrest or involving multiple combined procedures may have increased transfusion requirements. Interestingly, our findings in the isolated CAB or valve group were generally similar to the other cardiac surgery group, suggesting that revision surgery is a strong predictor of increased transfusion, regardless of the type of cardiac surgical procedure. A final limitation is in how PBM strategies are phased in over time and how that may affect a retrospective study. In 2014, our institution started to use PBM measures such as acute normovolemic hemodilution and viscoelastic testing algorithms routinely. In 2015, we started using hemoconcentrators on CPB routinely. Even though these strategies were phased in over the course of the study time period, we had an equal number of revision cases in the 2010 to 2013 period when there was less PBM enacted as we did during the 2014 to 2016 period when more were being utilized routinely.
In summary, revision cardiac surgery, even in the era of PBM, remains a strong predictor of increased transfusion requirements, and the increased transfusion with revision surgery was greater in our study than was reported two decades ago. Perhaps with more aggressive blood conservation techniques, we can reduce transfusion requirements in this high-risk population. Preoperative optimization by diagnosing and treating anemia may be of benefit, as well as correction of coagulopathies before surgery. Intraoperative use of autologous normovolemic hemodilution and viscoelastic testing algorithms may also be beneficial. Autologous cell salvage and hemoconcentration (modified ultrafiltration), as well as complete rewarming to prevent residual hypothermia, may all be useful to decrease transfusion in these complex revision surgeries. 22, 23 Our findings may allow anesthesiologists, surgeons, and transfusion medicine specialists to better plan and prepare for these challenging revision cardiac surgery cases.
